Persistent high risk type human papillomavirus (HR ± HPVs) infections induce dysplasia or cancer of the anogenital tract, most notably of the uterine cervix. The viral genome usually persists and replicates as an episomal molecule in early dysplasia, whereas in advanced dysplasia or cervical cancer HPV genomes are frequently integrated into the chromosomal DNA of the host cell. Previous studies suggested that modi®cation of critical cellular sequences by integration of HPV genomes might signi®cantly contribute to the neoplastic transformation of anogenital epithelia (insertional mutagenesis). This prompted us to characterize the integration loci of high risk HPV genomes in a large set of genital lesions. We ampli®ed E6/E7 oncogene transcripts derived from integrated HPV16 and HPV18 genomes and characterized in detail the co-transcribed cellular sequences of 64 primary genital lesions and ®ve cervical cancer cell lines. Database analyses of the cellular parts of these fusion transcripts revealed 51 dierent integration loci, including 26 transcribed genes (14 known genes, 12 EST sequences with unknown gene function). Seventeen sequences showed similarity to repetitive elements, and 26 sequences did not show any database match other than genomic sequence. Chromosomal integration loci were distributed over almost all human chromosomes. Although we found HPV sequences integrated into cancer related genes and close to fragile sites, no preferential site or integration motif could be identi®ed. These data demonstrate that target directed insertional mutagenesis might occur in few HPV-induced anogenital lesions, however, it is rather the exception than the rule.
Introduction
Anogenital cancers, in particular cervical cancers, are strongly associated with persistent infections by high risk human papillomaviruses (HR ± HPVs), most notably of types 16, 18, 31, 33, 35 and 58 (Walboomers et al., 1999) . These cancers usually evolve through a distinct series of preneoplastic lesions, referred to as cervical intraepithelial neoplasia grade 1 to 3 (CIN1-3). HR ± HPV types encode two genes, E6 and E7, with well characterized oncogenic activities (zur Hausen, 1999) . The expression levels of these viral oncogenes raise consistently with increasing dysplasia, suggesting that enhanced expression levels of the viral gene products are linked to advanced epithelial dysplasia (Durst et al., 1992; Stoler et al., 1992) . Moreover, various experimental models demonstrated that growth of anogenital cancer cells relies on continuous expression of the viral oncogenes (von Knebel Doeberitz et al., 1988) . This clearly documents the essential role of the viral oncogenes E6 and E7 in induction, progression, and maintenance of the neoplastic phenotype of anogenital cancer cells.
The gene products encoded by the viral oncogenes interact with various cellular factors, most of which are involved in the regulation of the cell cycle and genomic homeostasis. Viral E6 protein induces the premature degradation of p53, thereby continuously consuming recruitable p53 in HR ± HPV-infected cells (Schener et al., 1994) , whereas the E7 protein interacts with the hypophosphorylated retinoblastoma gene product (pRb), which results in release of E2F-type transcription factors from their binding to pRB (Schener et al., 1994) . Release of E2F-type transcription factors leads to subsequent activation of G1/S phase promoting genes and induces inappropriate cell cycle progression. Inactivation of p53 and pRB gene products by the viral oncoproteins E6 and E7 thus results in impaired cell cycle control, reduced apoptotic activity through reduced p53 activities, and consequently in genomic instability. More recent reports further demonstrated that E6 and E7 also cooperate to induce disturbances of the mitotic spindle apparatus resulting in chromosomal missegregation and signi®cant recombination (Duensing et al., 2000 (Duensing et al., , 2001 . Thus, over time, increasing chromosomal losses and gains, chromoso- (Lazo, 1999) .
One very obvious consequence of increased genomic instability and recombinatorial activity in E6 ± E7 transformed cells is the integration of HPV genome fragments into host cell chromosomes (Cullen et al., 1991; Kessis et al., 1996) . The structure of the integrated viral genome copies in advanced dysplastic lesions or invasive cervical cancers permit transcription of the transforming E6 and E7 genes, whereas other viral genes might be inactivated, deleted, or uncoupled from their respective transcriptional regulatory elements (Schwarz et al., 1985; Shirasawa et al., 1989) . A recent study showed that in about 16% of CIN 3 lesions and in more than 80% of invasive cancer samples E6 ± E7 mRNAs were transcribed from integrated viral genome copies, whereas in CIN 2 lesions only 5% and in CIN 1 lesions less than 1% of clinical samples expressed integrate derived E6 ± E7 mRNA transcripts, respectively (Klaes et al., 1999) .
The predominant expression of integrated viral genomes in advanced dysplasia or cervical cancer cells suggests that integration by itself might favor the neoplastic growth by conferring an additional selective advantage. This selective growth advantage might rely on various molecular mechanisms: (i) Use of transcriptional control elements located in adjacent cellular regions close to the viral integration site could override transcriptional control of the viral oncogenes by viral control elements and therefore release transcription of the integrated E6 ± E7 genes from transcriptional inhibition mediated by the viral E2 gene product. This in turn might contribute to enhanced transcription of integrated viral genomes and thus result in increased levels of the growth promoting viral proteins (von Knebel Doeberitz et al., 1991) . (ii) The fusion of HPV E6 ± E7 encoding oncogene transcripts to transcribed cellular sequences may confer an increased stability to the E6 ± E7 transcripts resulting also in higher levels of the viral oncoproteins and thus enhanced oncogenic activity (Jeon and Lambert, 1995) . (iii) Conversely, viral sequences might also modify structure and function of cellular genes and thereby trigger transformation. Integration of HPV DNA in genomic regions encoding tumor suppressive genes thus might lead to functional inactivation of these genes by insertional mutagenesis. This mechanism was shown in ME180 cervical cancer cells, in which the APM-1 gene is disrupted through integration of HPV68 sequences, resulting in loss of function of the APM1 gene product (Reuter et al., 1998) . In addition, several reports of papillomavirus integration close to cellular protooncogenes support the hypothesis that transcriptional activation of the respective cellular genes might further contribute to HPV associated carcinogenesis (Couturier et al., 1991; Durst et al., 1987) . These incidental observations thus suggested that targeting speci®c genomic loci by integrated HPV genomes might further contribute important oncogenic functions to the pathogenesis of HR ± HPV associated cancers.
Most more detailed studies on the structural analysis of integrated viral genomes in cervical carcinoma cells or their precursors have been performed on a limited number of cervical cancer cell lines including the wellcharacterized HPV18 positive cell lines HeLa, SW756, and C4-1, as well as the HPV16 positive cell lines Caski and SiHa (Couturier et al., 1991; el Awady et al., 1987; Mincheva et al., 1987; Popescu et al., 1987) . Due to the limited material available from primary HPV associated cancers and their precursors and the complex technology required to characterize the integration sites in detail, only few integration sites have been suciently investigated in primary lesions. Here we used a recently described simpli®ed ampli®cation technique (APOT assay) (Klaes et al., 1999) to comprehensively determine the structure and sequences of HPV E6 ± E7 oncogene transcripts derived from Figure 1 Episome and integrate derived HR ± HPV transcript types and their frequencies as revealed by the APOT assay. Type A shows E1 sequences spliced directly to cellular¯anking sequence, type B shows E1 spliced to E4 sequences and then running into cellular¯anking sequence, and type C transcripts are not spliced, but directly read through from viral to cellular sequences within the E1 gene Oncogene HPV 16 and 18 integration sites N Wentzensen et al integrated viral genomes in 64 biopsy samples. Genomic allocation and relation to known and expressed human sequences were identi®ed through an extensive comparative database search.
Results

Structure of viral cellular ± fusion transcripts
Transcripts encoding the viral oncogenes were ampli®ed and isolated as reported recently (Klaes et al., 1999 ) using a nested RT ± PCR protocol and oligonucleotide primers located within the HPV E7 open reading frame (5' end) and an oligo(dT)-adaptor primer (3' end). In total, 69 isolated fusion transcripts were characterized in detail. Five transcripts were derived from cervical cancer cell lines SiHa, Caski, HeLa, C4-1 and SW756, whereas the remaining 64 were ampli®ed from clinical specimens, including 47 cervical carcinomas, eight CIN 3 lesions, two CIN 2 lesions, one ValN 3 lesion, one ValN 2 lesion, three VIN 3 lesions, one VIN 2 lesion, and one VIN X lesion. The respective sizes of the cellular¯anking sequences ranged from 65 to 1800 bp with an average size of 450 bp. Fifty specimens were positive for HPV16, and 14 specimens were positive for HPV18 (Table 1) . Sequence analyses of the ampli®ed cDNA fragments revealed three dierent types of viral ± cellular fusion transcripts (Figure 1 ): In 61 out of 69 transcripts the splice donor site at the 5' end of the E1 ORF was used to splice the viral sequences into adjacent cellular¯anking sequences (Type A, Figure  1 ). These transcripts harbor the E7 sequences, but lack E4 sequences, which are replaced by co-transcribed cellular sequences at their 3' ends. In four samples, fusion transcripts were spliced using the E4 splice acceptor site followed by cellular¯anking sequences (Type B, Figure 1 ). In the remaining four cases, the transcripts were not spliced at the E1 splice donor site, Figure 1 ), suggesting that in these cases no splicing event occurred within the viral E1 gene. A comparison of the transcribed cellular sequences enclosed in the viral ± cellular fusion transcripts with the genomic sequence listed in the databases revealed that four of 14 transcripts deriving from known genes were spliced at least one more time in the¯anking sequence. To perform a more detailed analysis of the splicing mechanism of Type A transcripts, the chromosomal surrounding location 5' of the cellular anking sequence was analysed for splice acceptor consensus sequences, showing a typical splice acceptor signal in all cases (data not shown).
Characterization of the cellular flanking sequences of viral ± cellular fusion transcripts
Database comparison of the cellular¯anking sequences showed identity to known genes in 14 cases and to expressed sequence tags (EST) in 12 cases. Two sequences showed partial similarity, but no identity to known EST sequences. Seventeen transcripts were similar to repetitive sequence elements only. In 26 cases, no similarity to any expressed or repetitive sequence represented in current publically available databases was found. The fusion transcripts isolated from C4-1, HeLa and SW756 cervical cancer cell lines were identical to sequences described previously (Schneider-Gadicke and Schwarz, 1986) . The identi®ed chromosomal locus of the cellular¯anking sequence from SiHa cells corresponds to the locus found by el Awady et al. (1987) . In Caski cells, however, only a short cellular sequence could be ampli®ed that did not show similarity to known sequences from the database (Baker et al., 1987) .
The fusion transcripts encompassing parts of known genes showed dierent patterns: four fusion transcripts were spliced into the coding sequence of the respective gene in frame with the E1 start codon. Five fusion transcripts were spliced into the coding sequence of the respective gene, but not in frame with the HPV E1 gene. Two fusion transcripts were spliced into noncoding sequences within the 3' untranslated part of the respective genomic mRNA. Two fusion transcripts were spliced to the opposite strand in the coding region, and one fusion transcript was spliced into an intronic region close to the transcription initiation site of the respective gene. Figure 2 shows representative examples for fusion transcripts containing coding and non-coding regions of known genes. Figure 2a shows an integrate derived transcript type that is spliced to exon 7 of the carcinoembryonic antigen (CEACAM5) gene in frame with the HPV E1 open reading frame. Figure 2b shows a transcript spliced to the coding sequence of WASF2, related to the Wiskott-Aldrich Syndrome Protein Family Member 1 (WASF1) gene, also in frame with HPV E1. Figure 2c shows a transcript spliced to exon 6 of the Fanconi Anemia Group C (FANCC) gene, not in frame with HPV E1. Figure 2d shows a fusion transcript spliced to the noncoding 5' region of the MYC oncogene. Figure 2e shows a fusion transcript spliced to the non-coding 3' region of the nuclear receptor of T cells gene (NR4A2). Figure 2f shows a transcript spliced to the opposite strand of the coding region of the TP63 gene. Other known genes aected by HPV integration in this study were: TCP1, KLHL3, KPNA3, CHS1, PTPN13, GLS, RPS27 and FER1L3 (Table 1) . One transcript showed similarity to the env ± gene of an endogenous retroviral sequence, another transcript contained an endogenous retroviral LTR sequence. One transcript encompassed a mariner transposon-like sequence. The other repeti- Figure 3 Chromosomal distribution of HPV integration events. Numbers indicate individual fusion transcripts. Numbers with arrows were mapped to a chromosomal banding, whereas numbers without arrows were only mapped to the whole chromosome. Multiple numbers within one box represent multiple integration events at one chromosomal banding.`F' within a yellow box represents fragile sites at the respective integration locus. Red: known genes. Green: EST sequences. Blue: repetitive sequences tive elements found in this study were similar to ALU repeats in nine cases, to L1 repeats in three cases, and to mer4 and mltc1 repeats in one case each. Eight sequences that were not similar to known genes or EST sequences present in current databases showed a typical poly-adenylation signal (AAUAAA) at their 3' end, suggesting that they might originate from transcribed chromosomal areas.
Chromosomal localization of HPV integration events
The individual chromosomal localizations of the cellular¯anking sequences were identi®ed by BLASTN comparisons to the whole genome data base (Altschul et al., 1990) in 58 cases. Fifty-seven of these sequences could be clearly assigned to de®ned chromosomal bandings. All chromosomes except for 11, 18, 22, and X were found to be targeted by HPV integration in the analysed clinical specimens and cervical cancer cell lines (Figure 3 ). Since there were several reports on foreign DNA integration into chromosomal structures in distinct genomic areas called fragile sites, we screened the neighboring sequences adjacent to the integration sites for the presence of these fragile sites. Thirty-one of the 47 dierent chromosomal regions aected by HPV integration encompass known fragile sites, and distinct fragile sites were mapped to ®ve of the six loci that contained more than one integrated HPV genome fragment. In total, 40 of 57 mapped integration events occurred in the area of fragile sites. Twenty-®ve of 31 dierent fragile sites belong to the group of common fragile sites, whereas ®ve correspond to the rare fragile sites. One fragile site was not further classi®ed. The majority (23 of 25) of the common fragile sites was aphidicolin-inducible, and four of the ®ve rare fragile sites were sensitive to folate. These distributions correlate with the general representation of fragile sites in the whole genome (Sutherland and Richards, 1999) .
Discussion
Persistent infections with oncogenic HPV types may result in the integration of viral genome copies into chromosomes of the respective host cells. This event is frequently associated with a selective growth advantage for cells expressing mRNA transcripts derived from the integrated viral genome copies and suggests that integration of the viral genome plays a crucial role in progression of preneoplastic to neoplastic lesions. The detailed characterization of distinct integration sites in single cervical cancer biopsies or cell lines derived thereof indicated that disruption of critical genes might contribute to the transformation process. However, whether this is the rule or rather a rare exception in HPV mediated carcinogenesis has not been analysed so far.
In previous studies, various techniques to isolate and characterize chromosomal integration sites have been used. In situ hybridization using HPV probes provides a rough estimate on the chromosomal localization, but does not allow ®ne mapping or even gathering sequence information (Cannizzaro et al., 1988; Mincheva et al., 1987) . PCR techniques were used to amplify genomic areas containing integrated HPV sequences employing either ALU sequences (Carmody et al., 1996) or speci®c restriction sites (Thorland et al., 2000) as primer binding sites for the¯anking cellular sequences. Most recently, chromosomal integration sites were characterized by genomic restriction enzyme digestion, adaptor ligation, and PCR ampli®cation (Luft et al., 2001) . We have used a previously described RT ± PCR assay which allows the ampli®cation of HPV oncogene transcripts derived from integrated viral genome copies (APOT assay) (Klaes et al., 1999) . We ampli®ed a total of 69 viral ± cellular fusion transcripts, ®ve obtained from cervical cancer cell lines and 64 from primary clinical lesions. The cellular parts of the fusion transcripts were compared to publically accessible databases to identify those genes aected by HPV integration. Database comparison also revealed the chromosomal locus of the cellular anking sequence in 58 cases. The ampli®cation of the APOT fragments from the ®ve cell lines allowed a good comparison with sequence data on fusion transcripts isolated in previous studies by other groups and demonstrated the general applicability of the approach chosen for this analysis.
Among all analysed samples and transcripts, we did not ®nd the same gene aected by HPV integration in two independent lesions. We identi®ed a broad spectrum of genes aected by HPV integration and having dierent physiological functions, comprising an interestingly high number of potentially tumor relevant genes, like CEACAM5, FANCC, MYC, TP63 and PTPN13. The CEACAM5 gene is coding for an immunoreactive glycoprotein usually expressed in fetal tissue, but frequently found to be upregulated in colon cancer (Macdonald, 1999) . The FANCC gene product is assumed to contribute to repair processes of damaged DNA (Chen et al., 1996) . Expression of MYC leads to inhibition of dierentiation and increased growth rate in cell lines (Amati et al., 2001) . MYC overexpression was found in many human tumors, especially in small cell lung carcinomas, neuroblastomas, and in retinoblastomas. TP63 shows strong sequence identity to the tumor suppressor gene TP53 and the related TP73 gene. TP63 was found to be overexpressed in head and neck cancer cell lines and in primary lung cancers (Hibi et al., 2000) . PTPN13 is a Fas-associated phosphatase (FAP-1) that was shown to be an inhibitor of Fas-mediated apoptosis in human cancer cells (Li et al., 2000) .
In most of the cases, there were no continuous open reading frames from the HPV E1 gene into the cellular sequence. Since the E1 ORF is the third reading frame of the respective mRNA, it would generally permit translation of the respective fusion gene product, albeit with limited translation ecacy (Remm et al., 1999) .
However, since open reading frames encoding potential fusion genes were found in only ®ve of the 14 known genes, and other fusion transcripts did not show any longer open reading frames in the cellular¯anking sequence, it is most unlikely that expression of viral ± cellular fusion proteins regularly contributes to the HPV-mediated transformation process.
Although we found an integration event in the regulatory region of the MYC gene, our data do not support a general mechanism of cellular transformation due to integration of transcriptionally active foreign DNA into transcriptionally silent chromosomal regions. Likewise, the complexity of integration sites observed in this study argues against a major and consistent contribution of insertional mutagenesis mediated disruption of critical genes in cervical carcinogenesis. Although our data do not formally rule out disruption of tumor suppressive genes through insertion of the viral genomes, its inconsistency and the obvious lack in the cases studied here strongly suggests that it may play only a minor role and may be restricted to a few selected cases.
Nearly all chromosomes, with the exception of chromosomes 11, 18, 22 and X were targeted by HPV integration in the samples analysed in this study. Six chromosomal bandings were targets for more than one integration event, all regions harboring tumor associated genes: ®ve dierent HPV integrations occurred at 13q21 (BRCAX breast cancer susceptibility gene (Hopper, 2001) ), three dierent HPV integrations occurred around 2q32 (LOC51655 ras related protein; Tu and Wu, 1999) , at 3q27 (B-cell lymphoma associated translocation; Baron et al., 1993) and 8q24 (MYC), two dierent HPV integrations were found at 4q21 (GRO 1 ± 3 oncogenes; Haskill et al., 1990) and 9q33 (TNFSF8 tumor necrosis factor ligand superfamily; Smith et al., 1993) .
All these chromosomal regions except for 4q21 harbor known fragile sites. Such fragile sites represent reproducibly expressed decondensations on mitotic chromosomes after treatment with speci®c substances observed under cytological conditions. They are divided into rare (less than 5% of the population) and common (part of the normal chromosomal structure) sites based on the frequency they occur and further classi®ed in terms of the chemical agent used to induce their expression (Sutherland and Richards, 1999) . While speci®c nucleotide repeats were found in the area of rare fragile sites, no consensus sequences could be found for common fragile sites. These common sites seem to represent late replicating genomic areas (Sutherland and Richards, 1999) . Genes in or near fragile sites are susceptible for chromosomal disruption and for foreign DNA integration. There was a high correlation between the individual locations of HPV integration sites and fragile sites in the genome since 40 of 57 mapped HPV integration sites were found near fragile sites. These observations con®rm data of other investigators, who have reported HPV integration sites near fragile sites in various cell lines and very few cervical carcinoma samples (Popescu et al., 1987; Smith et al., 1992; Thorland et al., 2000) .
Although the exact mechanism of integration of HR ± HPV genomes remains still unclear and requires further studies on the molecular level, our data support the assumption that HPV integration during the pathogenesis of HPV infected anogenital cancers is a rather random process. The viral genomes appear to integrate non-selectively into chromosomal regions, in which the access for foreign DNA is facilitated, such as transcriptional active areas with a loose chromatin structure or as fragile sites with a susceptibility to DNA strand breaking. HR ± HPV virions infect many cells, and subsequently high amounts of viral DNA is replicated in epithelial cells exposed to the virus and genotoxic agents, and the probability of DNA strand breaks and chromosomal rearrangements is fairly high. This suggests that recombination between viral and cellular sequences might occur more often than commonly anticipated. However, a selective advantage mediating the preferred outgrowth as dysplastic or neoplastic lesions is obviously mediated by the enhanced expression of the viral E6 and E7 oncogenes, which in turn is a consequence of the deregulated transcription of chromosomally integrated HR ± HPV E6 ± E7 oncogenes (Jeon and Lambert, 1995; Klaes et al., 1999) . Besides this highly consistent aspect of the chromosomal integration, the random selection of the chromosomal integration site occasionally might indeed target critical genes, which could further support neoplastic progression. However, the data presented here clearly demonstrate that this is rather the exception than the rule.
Materials and methods
Cervical carcinoma cell lines and cervical swab and biopsy samples
Human cervical carcinoma cell lines containing either HPV16 (SiHa, Caski) or HPV18 (HeLa, C4-1, SW756) were grown in Dulbecco's Modi®ed Eagle's Medium (Invitrogen, Karlsruhe, Germany) supplemented with 10% fetal bovine serum and antibiotics under standard conditions. Clinical samples including biopsies and cervical swabs were collected from outpatients attending the University Departments of Obstetrics and Gynecology in Jena, Heidelberg and Ulm, Germany, upon informed consent. Cervical swabs were collected with cytobrushes, and nucleic acids were extracted from these samples as described earlier (Klaes et al., 1999) . DNA was used to determine the HPV type using PCR and RFLP as described elsewhere (Meyer et al., 1995) .
APOT amplification of fusion transcripts
HPV oncogene transcripts were ampli®ed as described before (Klaes et al., 1999) . Brie¯y, reverse transcription was performed using an adaptor linked oligo(dT)-primer (Frohman, 1993) , followed by a semi-nested PCR using HPV E7 speci®c 5' primers and oligo(dT) and adaptor primers (3'). PCR products were blotted onto nylon membranes and hybridized with HPV E7 and E4 speci®c probes to discriminate episomal from integration derived transcripts.
Cloning and sequence analysis of viral ± cellular fusion transcripts
Integrate derived amplimers were cloned into pCR 2.1 vector using the TA cloning kit (Invitrogen). Nucleotide sequences were determined by the dideoxy chain termination method using Cy5-¯uorescent labelled primers (M13 forward and M13 reverse, Amersham Pharmacia Biotech, Uppsala, Sweden) according to standard protocols. Sequencing reactions were analysed using an automated laser uorescence DNA analysis system (Amersham Pharmacia Biotech).
The obtained sequences were analysed using the Heidelberg Unix Sequence Analysis Resources (HUSAR) and the BLASTN-program provided by the National Cancer Institute. Nucleotide sequences were compared to all available nucleotide sequence databases (EMBL, Genbank) and protein databases (Swiss-Prot).
